PARTICIPANTS/MATERIALS, SETTING, METHODS: RNA samples from isolates of laser capture micro-dissected oocytes and follicles from the primordial and primary stage, respectively, were sequenced on the HiSeq Illumina platform. Data mapping, quality control, filtering, FPKM (fragments per kilobase of exon per million) normalization and comparisons were performed. The granulosa cell contribution in whole follicle isolates was extracted in silico. Modelling of complex biological systems was performed using Ingenuity Pathway Analysis (IPA). For validation of transcriptomic findings, we performed quantitative RT-PCR of selected candidate genes. Furthermore, we interrogated the in situ localization of selected corresponding proteins using immunofluorescence.
MAIN RESULTS AND THE ROLE OF CHANCE:
Our differentially expressed gene analysis revealed a number of transcripts in the granulosa cells to be significantly down-(736 genes) or up-(294 genes) regulated during the human primordial-to-primary follicle transition. The IPA analysis revealed enriched canonical signalling pathways not previously associated with granulosa cells from human primordial and primary follicles. Immunofluorescent staining of human ovarian tissue explored the intra-ovarian localization of FOG2, and FOXL2, which revealed the presence of forkhead box L2 (FOXL2) in both oocytes and granulosa cells in primary follicles, with a more enriched staining in the granulosa cells in primary follicles. Friend of GATA 2 (FOG2) stained strongly in oocytes in primordial follicles, with a shift towards granulosa cell as follicle stage advanced.
LARGE SCALE DATA: http://users-birc.au.dk/biopv/published_data/ernst_et_al_GC_2017/ LIMITATIONS REASONS FOR CAUTION: This is a descriptive study, and no functional assays were employed. The study was based on a limited number of patients, and it is acknowledged that natural biological variance exists in human samples. Strict filters were applied to
Introduction
Follicle dormancy, activation, integrity and growth are tightly regulated molecular processes ensuring ovulation of oocytes that are competent of fertilization (Adhikari and Liu, 2009) . Extensive bidirectional signalling takes place between the two cellular compartments represented by oocytes and granulosa cells, respectively, from the primordial stage and onwards (Binelli and Murphy, 2010; Reddy et al., 2010) . Correct spatial and temporal expression of genes in the different follicular compartments is required for optimal follicle development (Adhikari and Liu, 2009 ). In sheep ovary it has been suggested that granulosa cells from early preantral stages are involved in cellular functions such as cellular organization, cell migration, cytokine-cytokine receptor interaction, regulation of cell proliferation, adhesion and protein trafficking, among others (Bonnet et al., 2015) . Furthermore, it seems granulosa cell gene expression in sheep is overall more dynamic in the early pre-antral stages of follicle development as compared to later (small antrum stage) (Bonnet et al., 2015) . This suggests that granulosa cells ensure maintenance of an optimal microenvironment within the follicle by participating in signalling pathways that influence the competence of the oocyte as well as themselves. Oocyte competence can be affected (reduced or augmented) by deleting or overexpressing mechanistic target of rapamycin kinase (mTORC1), specifically in the murine granulosa cells of primordial follicles (Zhang et al., 2014) . This leads to either oocyte death or hyper-activation, probably through altered KIT proto-oncogene receptor tyrosine kinase (KITL-KIT) interaction (Zhang et al., 2014) . Interestingly, KITL signalling from granulosa cells is influenced by factors secreted from the oocyte itself such as Growth Differentiation Factor 9 (GDF-9) and bone morphogenetic protein (BMP)-15 (Fenwick et al., 2013) . Furthermore, forkhead box L2 (Foxl2), specifically expressed in the granulosa cell compartment, has proven to have an important role in maintaining murine primordial follicle dormancy (Uda et al., 2004) .
Early follicle development seems to be regulated through both local and systemic factors, influencing the granulosa cell compartment and the oocyte in parallel. Taken together, the roles of granulosa cells in the developing early follicle seem to be numerous in regulating dormancy, activation, integrity and growth of the oocyte as well as participating in creating the optimal microenvironment for oocyte competence. Although some evidence from other mammalian species shows that granulosa cells are essential for optimal oocyte competence in the earliest stages of folliculogenesis, the specific role of granulosa cells in the human primordial-to-primary transition remains largely unknown. The aim of the present study is to describe the global transcriptomic activity in the human granulosa cell compartment in primordial and primary follicles, using RNA sequencing and enrichment analysis.
Materials and Methods

Participants
Ovarian cortical tissue was obtained from three patients undergoing oophorectomy prior to gonadotoxic treatment of a malignant disease. The patients were aged 26, 34 and 34 years old, respectively. The primary diagnoses were unrelated to ovarian malignancies. Patients were normoovulatory, non-stimulated and with normal levels of reproductive hormones. In connection to oophorectomy, a small piece of the ovarian cortex is used for evaluating the ovarian reserve, and for research purposes. The ethical committee of the municipalities of Copenhagen and Frederiksberg (H-2-2011-044) approved the study and written informed consent was obtained from all subjects. Ovarian cortical tissue was collected at various time points in the menstrual cycle. The ovaries were, in accordance with their morphological appearance upon excision, considered normal. Following cryopreservation, one small piece of ovarian cortex from each patient was randomly donated for the current study, and stored in liquid nitrogen (−196°C), as previously described (Andersen et al., 2008; Rosendahl et al., 2011) .
Next generation sequencing
Ovarian cortical fragments measuring 2 × 2 × 1 mm 3 were thawed and fixed by direct immersion into 4% paraformaldehyde at 4°C for 4 h followed by dehydration and embedding in paraffin. LCM was then performed using the Veritas TM Microdissection instrument Model 704 (ArcturusXT TM , Molecular Devices, Applied Biosystems ® , Life Technologies, Foster City, CA, USA), as described (Ernst et al., 2017) . Isolates of oocytes, and oocytes with surrounding granulosa cells (follicles) from the primordial and primary stage, respectively (four main groups in total), from each of the three patients (a total number of 12 samples: Table I ), were isolated using LCM (Fig. 1A  and B) . RNA extraction, library preparation and sequencing, bioinformatics and IPA were performed as previously described (Ernst et al., 2017) .
Output from statistical analysis
In silico extraction of granulosa cell transcriptomes was performed by applying three filters on global transcriptome data from patient triplicates of oocytes (Ernst et al., 2017) and oocytes with surrounding granulosa cells (follicle) for both the primordial and primary stage (Fig. 2) . First, consistency in mean gene expression level (FPKM: fragments per kilobase of exon per million) for all detected transcripts was quantified by performing a t-test on patient triplicate samples of same type ((i) primordial oocyte, patient 1 + 2 + 3; (ii) primordial follicle, patient 1 + 2 + 3; (iii) primary oocyte, patient 1 + 2 + 3; and (iv) primary follicle, patient 1 + 2 + 3). The level of consistency was sorted based on P-value, with a low P-value indicating a high degree of consistency in FPKM mean across patient triplicates (Resource Data 1) (http://users-birc.au.dk/biopv/published_data/ernst_ et_al_GC_2017/). The cut-off in the level of consistency for all transcripts was set at P < 0.2 across triplicates for being included in all downstream analyses. Second, we identified transcripts uniquely detected in the follicle isolates, and not in oocyte isolates from the same follicular stage, indicating that these transcripts are granulosa cell specific. Third, all transcripts with a gene expression value >1.5 FPKM, uniquely expressed in the follicle isolates as compared to the oocyte isolates from the same stage, were regarded as granulosa cell transcriptome contributions. This was done following the logic that the pure oocyte transcriptome and the oocyte contribution of the follicle transcriptome are approximately the same. Thus, if a transcript is detected in very low abundance in the oocyte but higher (>1.5 FPKM) in the follicle, the transcripts are likely to be expressed by the granulosa cells.
The three strict filters applied increase the credibility of the genes assigned 'Granulosa cell transcriptome contribution' being biologically relevant granulosa cell contributions to the follicle transcriptome. Transcripts fulfilling the abovementioned criteria were defined as stage specific consistently expressed genes (SSCEGs) (Resource Data 2) (http://users-birc.au.dk/biopv/published_data/ ernst_et_al_GC_2017/). We may have filtered out interesting low abundance transcripts (FPKM < 1.5) or transcripts with an inconsistent expression pattern across triplicates. However, to ensure a high quality of the dataset we found it necessary to employ the strict filters described above.
Differentially expressed genes
SSCEGs FPKM mean values (Resource Data 2) in the granulosa cells of the two follicle stages were compared ('0' if non-detected in one of the groups). When comparing FPKM values between the two follicle stages, the P-value for the consistency in gene expression across triplicates for the transcript in both follicle stages was accounted for. Significant up-or downregulated transcripts between the two FPKM mean values were defined as a fold-change >2, and/or paired t-test significance (P < 0.05). For genes identified in one follicle stage, and absent in the other, the p-value was noted as 'significant' and fold-change as ∞. The differentially expressed gene (DEG) lists identifying up-and downregulated genes were ranked, based on fold-change (Supplementary Table S1 ).
Validation of NGS results with quantitative PCR analysis
Total RNA was extracted from LCM-isolated cells using Arcturus ® Paradise ® Plus RNA Extraction and Isolation Kit (#KIT0312I Arcturus Bioscience Inc., Mountain View, CA, USA), and amplified, as described (Ernst et al., 2017) . Every gene-specific TaqMan ® gene expression set contained gene-specific exon spanning forward and reverse primers for each of the genes of interest ZFPM2/ FOG2 (hs00201397_m1), DPP4 (hs00897391_m1), AR (hs00171172_m1), GAPDH (hs00854166 g1). Experiments were repeated at least three times.
Triplicate expression values of each gene were set relative to the reference gene via the ΔΔC T methods (Schmittgen and Livak, 2008) . As a negative control, cDNA from no template RT PCR reactions was used. All quantitative PCR (qPCR) data were analysed using Prism 6, version 6.0 (GraphPad Software Inc., CA, USA). Statistical analysis was carried out using Student unpaired t-test.
Immunofluorescence microscopy
Ovarian cortical tissue was prepared as described (Stubbs et al., 2005) followed by serum block (30 min), then primary antibody; (1/100) anti-FOG2 rabbit polyclonal antibody (Abcam, Cambridge, UK), (1/100) and anti-FOXL2 goat polyclonal antibody (Abcam, Cambridge, UK) overnight at 4°C. Sections were subsequently incubated in a 1:250 dilution of appropriate secondary antibody (donkey-anti-rabbit for FOG2, donkey-anti-goat for FOXL2) conjugated with Alexa Fluor 488 Dye (Life Technologies, Carlsbad, CA, USA). Sections were incubated in 1/3500 Hoechst (Life Technologies, Carlsbad, CA, USA) followed by mounting with Dako Fluorescent Mounting Medium (Agilent Technologies, Santa Clara, CA, USA) and analysed using a LSM510 laser-scanning confocal microscope as described (Ernst et al., 2017) .
Results
Data preparation and filtration of human granulosa cell transcriptome data
Pure isolated pools of oocytes and whole follicles from primordial and primary follicles were obtained using LCM (Fig. 1A ) in tissue donated from three patients making up a total of 12 samples (three isolates of oocytes from primordial and primary follicles, respectively, and three isolates of primordial and primary follicles, respectively) (Figs 1B and 2) prior to library preparation and sequencing (Fig. 2) . RNA-seq. yielded on average 35.3 million reads per sample (range: 31.8-39.6 million reads) and was mapped to the human genome (hg19) (average number of reads mapped: 31.7 million, range: 29.4-34.0). Each gene was normalized and transformed to the binary logarithm value (log 2) (Supplementary Fig. S1 ) prior to calculating FPKM values (Fig. 1B) . Sorting and enrichment analysis of RNA sequencing data from human granulosa cells from primordial and primary follicles Following RNA sequencing, mapping and dataset filtration, the primordial oocyte transcriptome (11914 transcripts), primordial follicle transcriptome (12872 transcripts), primary oocyte transcriptome (10186 transcripts) and primary follicle transcriptome (11898 transcripts) (Resource Data 1) (http://users-birc.au.dk/biopv/published_ data/ernst_et_al_GC_2017/) were identified. In silico extraction of the granulosa cell transcriptome was performed ( and 815 transcripts (6.8%) (GC transcriptome contribution in primary follicles) (Resource Data 2) in primordial and primary follicles that fulfil these criteria (Fig. 2 ).
SSCEGs in granulosa cells from primordial and primary follicles were used to identify genes that were differentially expressed between the two cell populations. The differentially expressed gene (DEG) analysis Figure 1 Experimental design for laser capture microdissection and sequencing. (A) Human primordial and primary follicles were identified based on morphology, cut, and isolated using laser capture microdissection (LCM). Scale bars: 30 μm. For isolation of oocytes from the same follicular stages see Ernst et al. (2017) . (B) Pure pools of oocytes from primordial and primary follicles as well as whole follicles from three patients were isolated via LCM based on morphological appearance. A total of 12 samples were included for library preparation and sequencing on the Illumina platform. Following alignment to human reference genome (hg19), gene expressions were normalized, transformed to log2(CPM) and fragments per kilobase of exon per million fragments mapped (FPKM) was calculated.
revealed 736 genes to be downregulated (highest expression in granulosa cells from primordial follicles) and 207 genes to be upregulated (highest expression in granulosa cells from primary follicles) in the granulosa cells during the primordial-to-primary follicle transition (Fig. 2, Supplementary  Table S1 ). The heat map of DEG FPKM values from the granulosa cells of primordial and primary follicles confirmed two different cell populations, and a correlation between stage specific patient triplicates (Fig. 3) .
The specificity of the in silico extraction of the granulosa cell transcriptome from whole follicles was confirmed by the presence of a number of granulosa cell specific transcripts and absence of oocytespecific transcripts in the SSCEG lists (Resource Data 2). We identified granulosa cell specific transcripts such as androgen receptor (AR), Yin And Yang (YY1), Zinc Finger Protein, X-Linked (ZFX), (FOXL), Calmegin (CLGN), Solute Carrier Family 35 Member G1 (SLC35G1) and Friend Of GATA2 (FOG2) in SSCEGs in granulosa cells from primordial follicles, and FOG2, KIT Proto-Oncogene Receptor Tyrosine Kinase (KIT Ligand; KITLG) and ZFX in SSCEGs in granulosa cells from primary follicles. Furthermore, we noted the absence of oocyte-specific transcripts such Figure 2 In silico extraction of granulosa cell transcriptome stage specific consistently expressed genes and differentially expressed gene lists. We performed in silico extraction of the transcripts originating from the granulosa cells of the follicular compartment by applying a number of filters on next generation sequencing data from oocytes of primordial and primary follicles, and whole primordial and primary follicles. * All transcripts unique to whole follicle as compared to oocyte + all transcripts with FPKM value > 1.5 unique to whole follicle as compared to oocyte. Student's t-test across triplicates P < 0.2 for consistency in gene expression. ** P < 0.05 and/or fold-change > 2 between primordial follicle granulosa cell transcript and primary follicle Our findings were interrogated by qPCR analysis of selected genes. We found that DEGs upregulated (Toll-like receptor 3 (TLR3), DPP4) and downregulated (AR) as well as expressed SSCEGs in both follicular stages (ZFPM2/FOG2) by qPCR ( Supplementary Fig. S2A ) correlated with the FPKM mean from the RNA sequencing data ( Supplementary Fig. S2B ). Additionally, the specificity of the predicted granulosa-specific gene DPP4 was tested by qPCR on oocytes from primary follicles and compared to primary follicles, which showed that DPP4 was indeed specific to primary follicles, and not detected in oocytes from the same follicular stage ( Supplementary  Fig. S2C ).
The continued Ingenuity ® Pathway Analysis (IPA)-generated enrichment analysis of the transcriptomes was performed SSCEGs in granulosa cells from primordial follicles (1.695 genes); and SSCEGs in granulosa cells from primary follicles (815 genes) (Fig. 2 , Table II,  Supplementary Tables S2 and S3 ). In the DEG analysis, genes downregulated in granulosa cells from primordial to primary follicles (736 genes); and genes upregulated in granulosa cells from primordial to primary follicles (207 genes) (Fig. 2 , Table III, Supplementary Tables S4 and S5) were analysed (For 'Molecular and Cellular Functions', 'Biological Networks' and non-significant canonical pathway enrichments, please refer to Supplementary Tables S2-S5 ).
The enrichment analysis on 'Canonical Pathways' is described below (Supplementary Table S2 ). For 'Molecular and Cellular Functions', 'Biological Networks' and non-significant Canonical Pathway enrichments, please refer to Supplementary Tables S2-S5.
Global molecular profiles in granulosa cells from primordial follicles
For granulosa cells from primordial follicles, a total of 1695 significant SSCEGs (Resource Data 2) were subjected to IPA enrichment analysis (Supplementary Table S2) , with the exception of 26 ENSEMBLE-IDs that remained un-mapped or filtered out during data uploading, leaving 1669 transcripts for further analysis.
Significantly enriched canonical pathways included 'Autophagy' (P = 5.51E-04), which is involved in cellular degradation of redundant cytoplasmic molecules through actions of lysozymes. Other significantly enriched Canonical Pathways in granulosa cells of primordial follicles were 'Androgen Signalling' (P = 3.97E-02) with 15 molecules assigned, among others the AR, and the canonical pathways 'STAT3 pathway' (P = 1.75E-02) and 'Corticotrophin Releasing Hormone Signalling' (P = 3.29E-02).
For detailed information on 'Molecular and Cellular Functions', 'Biological Networks' and 'Canonical Pathways', please refer to (Supplementary Table S2 ).
Significantly enriched canonical pathways specific to granulosa cells of primordial follicles are highlighted in (Table II) .
Global molecular profiles in granulosa cells from primary follicles
For granulosa cells from primary follicles, a total of 815 significant SSCEGs (Resource Data 2) were subjected to IPA enrichment analysis (Supplementary Table S3) , with the exception of 13 ENSEMBLE-IDs that remained un-mapped or filtered out during data uploading, leaving 802 for further analysis.
Significantly enriched Canonical Pathways included 'Phospholipase C Signalling' (P = 6.65E-05) with 23 molecules assigned and 'CREB Signalling in Neurons' (P = 3.64E-03) being involved in cell proliferation and survival, including the transcription factor cAMP Responsive Element Binding protein 1 (CREB1). Other significantly enriched canonical pathways were 'Protein Kinase A Signalling' (P = 8.76E-03) with 25 molecules assigned, 'Ephrin B Signalling' (P = 2.79E-02) with Ephrin B-1 (EFNB1), and Rho-associated coiled-coil containing protein kinase 2 (ROCK2), and 'Androgen Signalling' (P = 3.42E-02). Also enriched, but not reaching the nominated level of statistical significance, were 'mTOR Signalling' (P = 9.19E-01) with Phosphatidylinositol 3-Kinase, Catalytic Subunit Type 3 (PIK3C3), 'WNT/Ca 2+ pathway' (P = 4.15E-01) and 'Insulin Receptor Signalling' (P = 3.81E-01).
For detailed information on 'Molecular and Cellular Functions', 'Biological Networks' and 'Canonical Pathways', including which genes were assigned to each group in granulosa cells from primary follicle SSCEGs please refer to (Supplementary Table S3 ). Significantly enriched pathways specific to granulosa cells of primary follicles are highlighted in (Table II) . The 'CREB signalling in neurons', and the molecular network associated with this pathway represent an example of how such data can be bioinformatically used to analyse pathways (Fig. 4) .
DEGs between granulosa cells from primordial and primary follicles
The DEG lists were likewise subjected to IPA enrichment analysis, as described above, and these results are presented below.
Granulosa cell genes downregulated in the primordial-to-primary transition
A total of 736 genes were significantly (paired t-test P < 0.05 and/or >2-fold change) downregulated in granulosa cells from primary oocytes as compared to granulosa cells from primordial follicles (Fig. 2 and Supplementary Table S1 ). Thirteen ENSEMBLE-IDs remained unannotated or filtered out during uploading, thus leaving 723 for further analysis (Supplementary Table S4 ).
Canonical pathways significantly downregulated in the granulosa cells during the transition included 'STAT3 Pathway' (P = 1.61E-02) with significant downregulation of the transforming growth factor beta receptor 2 (TGFβ2), and suppressor of cytokine signalling 2 (SOCS2). Other downregulated canonical pathways were 'Role of JAK-2 in Hormone-like Cytokine Signalling' (P = 2.27E-02) and 'Mitochondrial Dysfunction' (P = 3.72E-02). Other downregulated pathways (but which did not reach the nominated level of significance) pathways included 'Type II Diabetes Mellitus Signalling' (P = 9.25E-01), 'Estrogen Receptor Signalling' (P = 7,42E-02), 'Leptin Signalling in Obesity' (P = 5.68E-01), 'TGF-β Signalling' (P = 4.14E-01) with significant downregulation of Mitogen-Activated Protein Kinase Kinase 6 (MAP2K6), Mitogen-Activated Protein Kinase 9 (MAPK9) and TGFβR2. Also downregulated (but not statistically significant) were 'IGF-1 Signalling' (P = 5.64E-01), 'Androgen Signalling' (P = 2.48E-01), 'mTOR Signalling' (P = 3.12E-01) and 'Regulation of eIF4E and p70S6K Signalling' (P = 5.95E-01).
For detailed information on 'Molecular and Cellular Functions', 'Biological Networks' and 'Canonical Pathways', including which genes were assigned to each group in downregulated genes, please refer to (Supplementary Table S4 ). Significantly enriched pathways specific to downregulated genes in the granulosa cells during the primordial-toprimary transition are shown in (Table III) The canonical pathways are listed with the most significant first. SSCEG, stage specific consistently expressed genes; STAT3, Signal and transducer of transcription 3; Oct4, octamer-binding transcription factor 4; JAK2, Janus kinase 2; CXCR4, C-X-C chemokine receptor type 4; CREB, c AMP Response Element-Binding Protein; NFAT, Nuclear factor of activated T-cells; ARP-WASP, actin-related protein-Wiskott-Aldrich Syndrome protein; IL-8, interleukin 8; CCR3, C-C chemokine receptor type 3.
Granulosa cell genes upregulated in the primordial-to-primary transition
Two hundred and seven genes were significantly (paired t-test P < 0.05 and/or >2-fold change) upregulated in granulosa cells from primary oocytes as compared to granulosa cells from primordial follicles (Fig. 2 and Supplementary Table S1 ). Seven ENSEMBLE-IDs remained un-annotated or filtered out during uploading, thus leaving 200 for further analysis (Supplementary Table S5 ).
Enriched canonical pathways significantly upregulated in the granulosa cells during the primordial-to-primary transition included 'Phagosome Formation' (P = 3.38E-03) with genes Toll-Like Receptor 3 (TLR3) and Integrin Subunit Alpha 3 (ITGA3). Non-significantly enriched pathways included 'Actin Cytoskeletal Signalling' (P = 1,24E00), 'WNT/Ca 2+ Pathway' (P = 9.91E-01) with significant upregulation of Phospholipase C, Epsilon 1 (PLCE1) and Smoothened, Frizzled Class Receptor (SMO).
For detailed information on 'Molecular and Cellular Functions', 'Biological Networks' and 'Canonical Pathways', including which genes were assigned to each group in downregulated genes, please refer to (Supplementary Table S5 ). Significantly enriched pathways specific to upregulated genes in the granulosa cells during the primordial-toprimary transition are shown in Table III .
Intra-ovarian localization of FOG2 and FOXL2
Transcriptomic data represents RNA profiling and thus does not necessarily represent protein expression profiles, although most mRNA are coupled to translation. Therefore, we set out to probe for selected proteins encoded by transcripts identified in this study. The FOG2 protein (also known as ZFPM2), a member of the GATA transcription factor family, was selected for immunofluorescent staining since FOG2 was found as SSCEGs in both granulosa cells of the primordial and primary follicle (Resource Data 2), and moreover is known to have an essential role in mammalian sex determination (Zaytouni et al., 2011) . Immunofluorescent staining showed a strong positive signal in oocytes of the primordial follicle and no apparent presence of .. ...................................................................................................................................................................................... Table S5 . CD27, cycline-dependent kinase 27; STAT3, Signal and transducer of transcription 3; MAPK, mitogen-activated protein kinase; JAK2, Janus kinase 2; LPS/IL-1, lipopolysaccharideinterleukin 1; UDP, Uridine 5′-diphosphate; NAD, Nicotinamide adenine dinucleotide; CDP, Cytidine 5′-diphosphate; GDP, Guanosine diphosphate; NADH, nicotinamide adenine dinucleotide; IL-9, interleukin 9. functional FOG2 protein in the granulosa cells of the primordial follicle (Fig. 5) . However, as the follicle advanced in morphological stages, we observed a shift towards a strong positive staining in the granulosa cells of the activated primary follicle. At the primary stage, FOG2 staining in the oocyte had lessened to a level comparable to the surrounding connective somatic tissue (Fig. 5) . This pattern continued, however, with slightly less pronounced granulosa cell staining at the secondary stage, characterized by two layers of cuboidal granulosa cells (Fig. 5) .
FOXL2, a member of the forkhead transcription factor family, was chosen for immunofluorescent staining due to its high expression in granulosa cells of primordial follicles, and significantly lower expression in granulosa cells of primary follicles (Resource  Data 2 and Supplementary Table S1 ). Staining in granulosa cells as well as a strong signal in the oocytes at the primordial stage was observed (Fig. 6) . As the follicles advanced through the intermediate and into the primary stages, a gradual shift in strong positive FOXL2 signal towards more pronounced granulosa cell staining and weakened oocyte staining was observed (Fig. 6) . At the primary stage, a strong FOXL2 signal was detected in some but not all granulosa cells (Fig. 6) . 
Discussion
The present study is the first to compare mRNA expression between granulosa cells of human primordial and primary follicles.
Importantly, as transcriptomic data do not necessarily represent the corresponding protein expression profiles, we explored the presence of selected proteins by immunofluorescent staining using specific antibodies, as discussed below.
FOG2
The GATA zinc finger transcription factors (GATA1-6) are involved in cell proliferation, cell fate outcome and maturation in endodermal derived tissue (Zaytouni et al., 2011) . The complex of GATA4 and friend of GATA 2 (FOG2) is essential for normal foetal sex determination in mammals, while GATA4, but not FOG2, appears essential for subsequent ovarian differentiation (Efimenko et al., 2013) . Through the Wnt/ β-canetin signalling pathway (Wnt family member 4 (WNT4)) and alternative pathways, the GATA4-FOG2 complex influences the expression of FOXL2, follistatin (FST), BMP2 and R-spondin 1 (RSPO1), which support female embryonic development and cell fate maintenance (Chassot et al., 2008; Manuylov et al., 2008; Nicol and Yao, 2014) . GATA4 and FOG2 can regulate the expression of several TGF-β family members, such as Müllerian inhibiting substance/anti-Müllerian hormone (AMH) (Viger et al., 1998; Anttonen et al., 2003) , inhibin α-and β-B subunits (Ketola et al., 1999; Feng et al., 2000) , steroidogenic acute regulatory protein (StAR) (Silverman et al., 1999) and aromatase (Tremblay and Viger, 2001) . While findings suggest that GATA4 (as well as steroidogenic factor 1 (SF1)) may induce expression of AMH (Tremblay and Viger, 1999) it appears that FOG2 is capable of repressing GATA4-induced AMH expression (Anttonen et al., 2003) . As FOG2 was mostly detected in the granulosa cell compartment of both primordial and primary follicles, these findings raise the question as to whether the primordial oocytes are provided with FOG2 maternally, or whether the mRNA translated in the primordial oocyte is provided, in part, by the surrounding granulosa cells, possibly via transzonal projections (McGinnis et al., 2013; Macaulay et al., 2014) . GATA4 and FOG2 may influence early human follicles with possible impact on AMH, inhibin-α-and -β, StAR-and aromatase Figure 5 Intra-ovarian distribution of FOG2 in human granulosa cells from primordial and primary follicles. Immunoflourescent staining localized Friend of GATA 2 (FOG2) to oocytes in primordial follicles, and as the follicle advance, FOG2 staining was noted in the granulosa cells in primary follicles, and to a lesser extent in the oocytes from primary follicles. In the secondary follicle, FOG2 was observed in the granulosa cells. Hoechst staining identifies the nucleus of cells. Scale bars: 30 μm.
regulation. In addition, enrichment analysis assigned several other factors to WNT/β-canetin signalling in granulosa cells of primordial follicles suggests a role for the WNT/β-canetin pathway, not only in sex determination, but also in early pre-antral follicle development. Maybe the relatively high consistent expression of ZFPM2/FOG2 RNA and protein in granulosa cells from primordial and primary stage follicles reflects a role of FOG2 in the transcriptional repression of factors such as AMH (suppression of primordial follicle recruitment), as well as StAR and aromatase (steroid hormone production), supporting granulosa cells of more advanced follicular stages, while maintaining granulosa cell integrity and some control of primordial follicle quiescence (FOXL2).
FOXL2
Mutations in the FOXL2 gene cause the autosomal dominant disorder blepharophimosis/ptosis/epicantus inversus syndrome (BPES), associated with premature ovarian failure (POF) (Crisponi et al., 2001) . The role of FOXL2 in mammalian ovarian functions has been extensively studied (Uhlenhaut and Treier, 2006; Georges et al., 2014a ). FOXL2 appears essential to maintain granulosa cell identity, as induced deletion of FOXL2 leads to subsequent upregulation of SOX9, causing the granulosa cells to trans-differentiate into a Sertoli cell-like morphology and testis-like structures (Uhlenhaut et al., 2009) . Interruption of Foxl2 rendered the flattened pre-granulosa cells unable to complete their transition into the cuboidal structure that characterizes the activated primary follicles (Schmidt et al., 2004) . Furthermore, almost all oocytes from primordial follicles started growth by the second postnatal week, indicating primordial oocyte hyper-activation mimicking human POF. The hyper-activation was believed, in part, to be caused by downregulation of the TGF-β-superfamily members AMH and activin βA as a result of dysfunctional FOXL2 (Schmidt et al., 2004) . FOXL2 has been shown to be an essential upregulator of AMH through protein-protein interaction with SF1 (Jin et al., 2016) and AMH depletion causes accelerated follicular depletion (Park et al., 2014) . Besides involvement in regulating sex determination, TGF-β family member regulation, and the primordial-to-primary transition, FOXL2 appears to regulate the estrogen receptor signalling pathway (Georges et al., 2014b; Hirano et al., 2016) , GnRH signalling pathway (Cheng et al., 2013) , HIPPO signalling pathway (Pisarska et al., 2010) and ovarian granulosa cell tumour formation (Leung et al., 2016) . Previous studies have identified FOXL2 in human follicles (Kristensen et al., 2015) and sheep granulosa cells (Bonnet et al., 2013) , and in situ hybridization has localized Foxl2 to the granulosa cells of growing mouse ovaries (Crisponi et al., 2001) with no expression in the oocyte or the surrounding somatic tissue. However, positive Foxl2 staining has been found in both oocytes and granulosa cells of all follicle stages in hens (Qin et al., 2015) . In humans, FOXL2 staining was observed in granulosa cells of the primary follicle stage onwards in patients with granulosa cell tumours, with no documentation of the pattern seen in the primordial stage (Anttonen et al., 2014) . Our RNA sequencing data from normo-ovulatory human patients showed FOXL2 expression in granulosa cells of primordial follicles with a significant downregulation in expression in granulosa cells as the follicle is activated into the primary stage. Our findings suggest that FOXL2 is transcribed and translated (or maternally contributed) in granulosa cells of the primordial stage, and that the presence of FOXL2 is maintained into the activated primary stage, and while FOXL2 is only significantly transcribed in the granulosa cells of primordial follicles, it seems to have a role in oocytes from primordial follicles. We speculate that FOXL2 could be maternally provided or transported from the primordial granulosa cells via gap junctions. A potential role for the maintenance of FOXL2 could be to upregulate AMH expression as the follicle grows, and thereby halt recruitment of dormant primordial follicles, as previously suggested (Jin et al., 2016) , as well as molecular control of steroid hormone production via repression on the transcription of Star, CYP11, CYP17, CYP19 and P450 aromatase (Kuo et al., 2012; Hirano et al., 2016) . It is conceivable that once active FOXL2 has been utilized and degraded, the repressive action on steroidogenic enzymes is diminished and the granulosa cells commence the steroid production characteristic of the granulosa cells in more advanced follicular stages.
In summary, our data provide detailed information on the transcriptomic activity in the granulosa cells of the follicle, which can serve as a foundation for understanding dysfunctional follicle development, as seen in patients with PCOS and primary ovarian insufficiency (Franks and Hardy, 2010; Bilgin and Kovanci, 2015) .
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